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Abstract 
Novelis is a company that specializes in metal casting, recycling, and rolling.  
They primarily focus on aluminum rolling for cans and car bodies but are an industry 
leader in numerous related areas.  As the rolling process is not taught in most general 
engineering courses, Novelis periodically teaches new engineers and technicians about 
the specifics of this relatively mathematically complex process.  Most of the current 
teaching methods are through PowerPoint presentations and group exercises, with 
minimal hands-on involvement.  One of the most useful tools for teaching the rolling 
process is an actual jeweler’s rolling mill, which Novelis currently possesses, but is not 
adequate for use in a classroom environment.  The goal of this project is to propose the 
various repairs and modifications to the current rolling mill, so that it may be used in 
future classes.  The major design constraint for this project is that it should be useful in 
a classroom example where students set the mill height and mill various small strips of 
metal to determine if their calculations were correct for properly decreasing the 
thickness of the metal.  There are also various utility, safety, economic, and ergonomic 
constraints and considerations currently involved in designing this mill, all of which are 
described in the following paper. 
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Introduction 
Novelis is a company that specializes in producing sheet metal, namely flat-rolled 
aluminum products.  As new workers and engineers are hired, they must partake in 
basic training to become more familiar with the various processes that Novelis 
specializes in, which would not have been taught in a basic college course.  The main 
process that Novelis seeks to teach these engineers is the basic process of rolling large 
or thick pieces of metal into thin rolls of sheet metal that can then be transformed into 
various products such as aluminum cans or car bodies.  The current method for 
teaching this is not adequate, as it is largely done through PowerPoint presentations or 
simple conceptual demonstrations with equipment such as a pasta rolling machine.  
These teaching tools are helpful in conceptualizing the basic process but are not 
complex enough to demonstrate clear examples of problems that engineers will be 
solving, or to fully train a worker on the basic processes of operating a machine.  
Therefore, Novelis is seeking replacements for their current methods in the form of 
hands-on teaching tools, such as a functional miniaturized rolling mill. 
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Problem Statement & Needs Assessment 
Novelis currently possesses a jeweler’s rolling-mill, which is essentially a 
miniaturized rolling mill for use with softer metals such as gold and silver, but it is 
currently not in working order, or suitable for a classroom environment.  The entire 
assembly is far too heavy for ease of transportation and needs to be modified to be 
easily packed into a flight case or similar container for shipping.  The bearing blocks on 
the left side of the rollers are missing and will have to be remade from scratch.  The 
motor is unnecessary and perhaps dangerous to keep and use as a demonstration 
piece.  Therefore, a hand crank is preferred, in order to reduce weight and increase 
safety.  This machine should also be as free of accessible moving components as 
possible, to prevent anything being caught inside the moving machine.  There are also 
relatively long shafts that connect from each roller to a gearbox that reduces the speed 
of the motor attached to the assembly and turns the rollers in unison.  This section is 
relatively unwieldy and could be easily replaced by a much smaller gear box.  There are 
existing load sensors, but any equipment to track and record and display this data is 
gone and will need to be replaced. 
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Customer Design Requirements 
Novelis would like to see designs for a simple, functional, hand-cranked jeweler’s 
rolling-mill with packing plans for assembly shipment, by the end of spring semester, so 
that they may begin using it in orientation courses. All renovation parts should be 
measured and drawn out by early January, as to allow groups to focus on the additional 
functionality. The goal is to have a fully specified design by the end of April including 
plan for fabrication. Novelis would also like to retain provisions for adding more 
functionality to this mill during the spring semester, such as pressure and torque 
sensors and a guide apparatus for inserting sheets.  All funds for teaching mill and 
apparatus manufacturing will be provided by Novelis, with an upper limit set to 
approximately $10,000 overall, but this project will still be designed to be as cost 
efficient as possible and should not cost anywhere near the upper limit.  The mill must 
be transportable domestically and internationally and be completely safe to operate. 
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Design Specifications 
The primary restrictions for this assembly are in the usability of the machine and 
in the ability to transport it to various locations for teaching.  The mill is expected to use 
materials as hard as soft aluminum alloys and should be able to easily handle softer 
materials.  The mill should be able to accommodate a strip of roughly ⅛ inch thick, 
though the current mill can handle thicker coupons if required.  It should also have a 
rolling width of at least 3 inches.  The strips are expected to be roughly 6 inches long; 
this should not be a size restriction, but a restriction on rolling time of roughly 30 
seconds to roll each piece.  The gap between rolling bars must be adjustable, with each 
side moving independently, and having a low margin of error, preferably less than 1 
millimeter.  This setting should be readable without needing electronic attachments, or 
to measure the actual gap manually. The current rolling mill has gears on each side of 
the rollers marked with metric measurements, ideally these would be returned to 
working condition to independently adjust each end of the rollers. The mill should be 
designed for use with torque, load, and distance sensors, if Novelis decides to use them 
in the future. 
The mill should be free of areas that pose a pinching hazard, such as exposed 
gears.  These working mechanisms should, at minimum have a rigid covering to prevent 
accidental pinches.  The mounting surface should be stable enough that processing the 
hardest and thickest materials required will not result in the table toppling.  This table 
may be designed to fit in the box with the mill to ensure that there is always a stable 
surface available. 
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This entire assembly must fit within a 69x24x24” box, which will be assembled for 
shipping the assembly.  The total assembly and box should be under 150 pounds to 
allow for regular ground shipping within the US.  These are the maximum dimensions 
allowed by UPS (though these can be modified to retain a similar volume) for a 5 day, 
ground-shipped package to San Diego, California, with a total cost of $445.  This is 
within the limits requested by our contact at Novelis, though the shipment container 
should be no larger than 24x24x24”, and could weigh 75 lbs or less.  Both of these 
estimations would allow for a 5-day ground shipping cost of $182.  International 
shipping is much more expensive, but still within the price limits if we stay towards the 
expected assembly sizes.  The maximum allowed UPS sizes are the same, but to ship 
to Novelis’ furthest location in China would cost a minimum of $2489.  Our expected 
size constraints would cost much less at $922 which is just within the required $1000 
international shipping cost.  A more realistic shipping location of Norf, Germany would 
lower the shipping cost of our realistic estimate to $787. 
There are no currently foreseen negative environmental, political, sustainability, 
ethical, or social impacts of this project.  Thus, the primary design considerations are 
the economic cost and benefit of this project, the safe use of the mill, and the ergonomic 
factors involved in the use of this machine.   
The primary cost of this machine will stem from the manufacture or purchase of 
the various components.  The currently foreseen expenses are the manufacture of new 
bearing blocks, gears, crank, table, and shipping requirements.  We do not expect the 
manufacturing costs to pass the designated $10,000 limit, and will design everything to 
be purchased or manufactured in the most cost-effective way possible.  The proposed 
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shipping costs do set a limit on the maximum size and weight of the mill, though these 
are close to the already expected maximums of the design for feasibility in 
transportation.  This machine should have a measurable positive impact on the 
engineers that will be using it to better understand the many factors that are involved in 
the rolling process. 
The primary safety concerns for the teaching mill are its stability and the 
presence of any pinch points accessible during operation.  This requires a portable table 
that will travel with the rolling mill to ensure that there is always a stable mounting 
surface for the machine.  It is also necessary to block off any exposed gears so as to 
prevent accidental injury. 
The last design consideration is the ergonomics of the use of this machine.  The 
machine is hand cranked and hand-fed.  As such, the crank arm should be easily 
accessed and turned to roll the metal coupons.  The roller settings should also be user-
friendly in that they are legible, accurate, and easily set to the proper distance. 
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Literature Review 
[1] Britton, J. W.  Method of removing swells in sheet and plate metal.  Patent US 
312608 A. 24 Feb. 1885. 
This patent outlines a method for removing imperfections such as bends, swells, 
and bulges in processed sheet metals.  This is one of the older processes found in our 
research as it was used for fixing errors that should be eliminated in modern methods.  
Nevertheless, this process is insightful and useful when considering how to eliminate 
the imperfections that would result in its use.  The invention itself involves a machine 
used to clamp and pull the sheets flat with a hydrostatic pump. 
 
[2] Davim, J. Paulo. Modern Manufacturing Engineering. Springer, 2015. Materials 
Forming, Machining and Tribology. 
This book covers recent research and trends in Manufacturing Engineering. The 
chapters emphasize different aspects of the transformation from materials to products. It 
provides the reader with fundamental materials treatments and the integration of 
processes. Concepts such as green and lean manufacturing are also covered in this 
book.  The key chapter for our research is chapter 2 “Cross Rolling: a Metal Forming 
Process.”  This chapter details the concept of cross rolling, which the workpiece is 
rotated 90 degrees (if looking down from above) in order to change the crystal structure 
and to change the residual stress distribution.  In a small rolling mill like the one we will 
be using, cross rolling can be used since the mill will not use long sheets of aluminum, 
like a production size machine could. 
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[3] FIRSTIntern, and Instructables. “Understanding Motor and Gearbox Design.” 
Instructables.com, Instructables, 27 Oct. 2017, 
www.instructables.com/id/Understanding-Motor-and-Gearbox-Design/.  
The website explains how to select the correct gearbox and motor for your 
current design. Evendo our design will not include a motor the formulas for the motor 
torque and speed can be used as a reference for the hank crank design. Furthermore, 
when the torque and the speed of the hand crank is found this source can be used to 
find the gear ration that will satisfy our design.  Here is a list of things to consider:  How 
gearing will affect the motor’s output torque and speed.  Usually, gears will be used to 
decrease speed and increase torque. 
Inefficiency in power transmission – each stage of gearing or chain run is approximately 
90% efficient. Differences between theoretical and actual performance.  Because 
theoretical performance is usually better than actual performance, even after accounting 
for inefficiency, it is important to choose motors and gear ratios with a healthy safety 
factor.  That is, make sure that they will be able to handle more than the expected load 
at a faster than required speed. 
 
[4] Jianlin, Sun, et al. "Optimize Aluminum's Surface Roughness in Rolling Lubrication 
Process." Industrial Lubrication and Tribology, no. 3, 2013, p. 175. EBSCOhost, 
doi:10.1108/00368791311311178. 
This paper experimentally determines the optimal use of lubricants in sheet metal 
rolling to achieve the best surface finish.  Friction plays a significant role in surface finish 
 11 
 
 
as well as how much the material can be reduced per pass.  More friction allows the 
sheet metal to be reduced more, but at the same time reduces the quality of the surface 
finish.  When lubricants are added, the surface finish can be improved while also 
reducing friction and taking away heat from the workpiece.  There is a mathematical 
model predicting that if there is a significant thickness of the oil film versus the 
combined surface roughness of the rollers and initial workpiece, then the rollers and 
workpiece almost do not come in contact, which would give the best possible surface 
finish.    Jianlin et al. perform an experiment with a two high freshly ground rolling mill 
where they would put a single droplet of oil on the workpiece, allowing them to 
determine the droplet’s area after rolling in order to find the oil film thickness.  They 
would then test the surface roughness with a profilometer, and electron microscope.  
They found that the two main factors determining the surface roughness are the roller 
reduction (the ratio of the change in sheet thickness divided by the initial thickness) and 
the oil viscosity. 
 
[5] Matthews, Joseph. Sheet-metal-rolling mill. F One, assignee. Patent US 556193 A. 
10 Mar. 1896. Print. 
This patent details a basic process for final thickness processing of various 
elastic metals.  This apparatus is very versatile and adjustable, but basic in that there 
are minimal direction or tension changes throughout the process.  This invention allows 
for continuous rolling of sheet metal, by looping the metal through several stages of 
rollers, that eventually lead back to the start of the process.  Thus it increases operating 
efficiency.  This patent is the basic process cited in the 1950 patent US 2526296 A. 
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[6] Rolling Aluminum: From the Mine Through the Mill. The Aluminum Association, 
2008, www.aluminum.org/sites/default/files/Rolling_Aluminum_From_The_ 
Mine_Through_The_Mill.pdf. 
This is a manual from the Aluminum Association, which Novelis is a part of, and it 
explains the whole process of manufacturing aluminum sheet, starting from the raw 
bauxite and going up to the surface finishing processes of the rolled sheet.  It is a broad 
overview of the entire process, making it a nice baseline for reference.  Chapter 4, “The 
Rolling Mill” is the most relevant to our application since it deals with the rolling mill 
itself.  The first part of the chapter deals with the rollers, and the importance of surface 
finish to the process and the final product.  For industrial size rolling mills, the work rolls 
are supported by back-up rolls, which serve to maintain accurate uniform product 
flatness by preventing excess vertical deflection in the work rolls.  The second part of 
the chapter explains the difference between hot rolling and cold rolling, as well as the 
metallurgical effects each have on the product.  Hot rolling is rolling at a high enough 
temperature to prevent strain hardening, whereas cold rolling is the opposite, allowing 
strain hardening to occur.  The remainder of the manual goes on to later processes 
such as surface finish, cutting, annealing, etc. that happen out of the scope of a rolling 
mill for teaching purposes.  The manual also has an extensive glossary and multiple 
appendices on common terminology, material properties and classification of aluminum. 
 
[7] Sterten, Jo, et al. “Adaptation and Implementation of Modern Learning Techniques in 
Master of Sustainable Manufacturing: Cultural Challenges, Effects and Potential 
 13 
 
 
for Improvement.” 6th CIRP Conference on Learning Factories, vol. 54, 2016, pp. 
170–174. 
In the modern and globally integrated world, international cooperation in 
education plays significant role in making the teaching and learning process more 
effective, innovative and sustainable. Modern learning methods differ significantly from 
each other as well as from the classic ones. This article gives an overview of utilization 
of flexible learning methods, flipped classroom and describes subsequent changes from 
post communistic towards modern teaching style and challenges that professors have 
to cope with to adopt it. The process of implementation of techniques within Master of 
sustainable manufacturing program developed during the run of Eurasia project is 
presented and the outcomes are discussed. The study is based on empirical data from 
project development meetings, interviews with participants, students’ satisfaction and 
academic results. 
 
[8] Stone, Morris D. Method and apparatus for processing strip metal. United Eng 
Foundry Co, assignee.  Patent US 2526296 A. 17 Oct. 1950. Print. 
This patent details a process for cold rolling strips of metal to further reduce their 
thickness and hardness through a continuous rolling process.  This patent is incredibly 
detailed, outlining numerous metal processing steps and citing various other patents.  
This patent is also cited by numerous sources as the base method for further 
processing and treating strips of metal and is a valuable resource for its depth and 
references. 
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[9] Sezek, S. Aksakal, B. “Deformation and temperature behaviour during cold, warm 
and hot flat rolling of AA5454-O alloy.” Elsevier Ltd. Materials and design 2009.  
This study specially talks about the aluminum alloy AA5454-O and the property 
differences in cold, warm, and hot rolling conditions. Change in the temperature 
conditions leads to different microstructure and desired mechanical properties. 
Hardness, tensile and microscopic analysis is used to observe the structure and 
mechanical properties after alternate temperature conditions.  Sezek and Aksakal 
concluded that the tensile, proof stresses and fracture strains of this alloy were more 
sensitive to deformation rate rather than rolling temperature, and that only at low 
reductions (of 10%) did the fracture strain become temperature sensitive. 
 
[10] Singh,S., Singh, S., & Singh, P. (2012) Ergonomics in developing hand operated 
maize Dehusker-Sheller for farm women. Applied Ergonomics, 43792-798. 
doi:10.116/j.apergo.2011.11.014 
A hand operated maize dehusker–sheller to be operated by farm women was 
designed and developed to dehusk and shell the maize cobs using ergonomics 
(anthropometric, strength and physiological workload). Axial-flow maize dehusker–
sheller with 540 mm cylinder length and 380 mm diameter required 3.03 N-m torque on 
cylinder shaft while operating at 5.6 m s−1 peripheral speed and 100 kg h−1 feed rate 
by feeding cob one by one. This torque was 30% of isometric torque obtained at front 
position of handle (greatest distance) with lowest crank length. The heart rate of subject 
while operating the maize dehusker–sheller at 54 rpm (5.6 m s−1) was 142 beats 
min−1. The output of 60 kg h−1 was obtained at the feed rate of 80 kg h−1. Two 
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subjects can operate the machine for an hour with a rest pause of 15 min by swapping 
the operation. The design would be similar to the teaching table since it needs to be 
hand crank for it to be safe as a teaching instrument. The Force required to turn a crank 
will depend on the length of on the crank and other factors. 
 
[11] Rolling Processes 
 This article briefly describes the process of reducing the thickness of a piece of 
metal by compressing the metal between rollers. Several formulas are provided for 
rolling calculation to determine the torque required to turn the rollers. The equations 
used from this document are to calculate the true stain on the material, average flow 
stress, contact length of the material with rollers, force applied from each roller on the 
material, and the torque required for the rollers.  
 
  
 16 
 
 
Synthesis 
 The primary synthesis goals for this project are to repair the current 
jeweler’s rolling mill, if this is calculated to be cost effective, and to modify it to work in a 
classroom setting. This is in opposition to its current configuration, which is much more 
powerful and would serve well in an industrial or testing setting. 
The necessary and proposed fixes are listed as follows: 
● Replace bearing blocks for rollers 
○ Design new parts to be machined based on existing bearing blocks 
○ Or purchase replacements from the original manufacturer 
● Remove motor, gearbox, and shaft assembly 
● Design a hand crank and gearbox 
● Ensure that all components are in working order and that none need to be 
replaced/tuned 
○ Springs for holding rollers apart are functional 
○ Height setting screws are functional and setting knobs are accurate 
○ Rollers are not blemished in any way, so as to cause imperfections in 
rolled metal 
● Mill is safe, stable, and free of pinch-points 
● Design a table and shipping crate which adhere to weight and dimension 
constraints 
 
We will also retain provisions for designing and testing the following components: 
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● A data acquisition device (DAQ) for the load and torque sensors 
○ Test DAQ sensors to ensure functionality and accuracy 
○ Ensure that DAQ sensors can withstand the 200 MPa target pressure 
● Design a guide tray for inserting metals coupons into the machine 
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Concept Solutions 
Dial Cover Designs 
 A design matrix (Table 3.1) was used to determine the best solution for the dial 
cover based on weighted factors.  The most important factors were safety and ease of 
use, which both received the highest weight of 1, making them worth 27% of the overall.    
The designs sketches are found in Appendix D, figure 4.  All of the designs were similar 
on the the major factors, so the tipping point to Tripp’s design came from its highest 
structural strength.  This design featured a 3D printed cover attached to a metal base 
plate (Figure 8.4), which we believe will be more than sufficient to take the load of the 
mill if it were to tip onto its side during assembly or disassembly, rather than the other 
designs which would rely only on the strength of the 3D printed part. 
Gap Set 
The gap set design was harder to define the weights.  In order of highest priority 
first, the strength of the gap set mechanism was paramount for the functionality of the 
mill, and thus had a weight of 1.  The ease of use was the next category; we did not 
want it to be harder than the original to set the gap.   The cost was the next category, 
which included the materials and machining necessary of the design.  Roll change was 
a specific portion of ease of use that was so important it could stand alone; changing 
the rolls would happen, and it might happen during the course of a lesson, so it should 
not be prohibitively difficult to change the rollers out with a new set.  The final categories 
of backlash and adaptability were made to break the tie between the designs.  The 
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chosen design was to keep the main body of the mill how it was, and to then add chock 
blocks that were slightly wider than the originals, to allow for digital readouts, or linear 
variable differential transformers (LVDT) to be mounted on the sides of the mill and 
provide digital feedback of the gap set in addition to the dials on the top.  The load cells 
are placed underneath the bearing block assembly for use in measuring the total 
downward force applied to the lower roller when rolling a coupon.  See Appendix D, 
figure 5 for the concept drawing and Appendix F, figures 8.1 through 8.3 for the final 
design. 
Table Design 
The table was evaluated in terms of its stability, structural strength, collapsibility 
and setup time, weight, collapsed size and expected cost, in order of descending 
weight.  Designs 2 (Fig. 6.2) and 3 (Fig. 6.3) were extremely similar, since they both had 
legs in an cross that would extend out, thus keeping the stability, structural strength and 
collapsed size the same.  The only factor that could be said against design 2 was the 
weight, which came from the added wheels for rolling, which were determined to not 
add any additional functionality, since the shipping crate would have to be moved with a 
dolly anyway, and it would be on hand to move the table once setup.   
 
Material Selection 
Material selection was first done with the use of Cambridge Engineering Selector 
(CES).  This software allows us to plot materials based on two properties that will be the 
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x and y axes.  For all of the parts of the rolling assembly (chocks, bearings and rolls) the 
compressive strength of the material is of highest importance.  Material cost is another 
important property that should be considered.  Thus Figure 2 was created with cost 
versus compressive strength.  The CES software also allows us to filter by the 
manufacturing process.  The custom parts will all need to be made through conventional 
machining to minimize cost, and thus the chart was filtered to only include those 
materials.  In this figure we see that carbides (yellow) are the highest compressive 
strength, but at the highest cost, and thus are impractical for this rolling mill.  In the 
middle we see the metals (red), but only aluminum and copper alloys are important.  
Greens are stones, blues are plastics, and pinks are glasses.  In order to maximize the 
compressive strength, while also keeping the cost low, we should only look in the upper 
left-hand side of the chart.  The materials there are steels (teal), with cast iron being the 
ones left of the main group of carbon steels.  Of all of the carbon steels, medium carbon 
steel has the highest compressive strength, and is therefore the material of choice for 
the chocks and rollers.   
The bearings are a little more complex, because they must hold up against the 
pressure of the rollers as well reducing friction enough to allow for smooth rotation.  The 
size of housing for the chock blocks limits the bearings to sleeve bearings rather than a 
ball or roller bearing.  The CES software does not have enough detail for us to 
investigate which copper alloy would be best suited for low friction in high compression 
situations, thus we used McMaster Carr published dynamic load capacity to determine 
the best option.  The options were SAE 841, SAE 863, and Iron-Copper, in order of 
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ascending dynamic load capacity.  We chose the Iron-Copper because it has almost 
double the dynamic load capacity than the other two bronze alloys at 14,300 lbs. 
The upper gear cover and base plate were such an odd shape that we decided to 
select the materials after the processes of 3D printing and water jet cutting were 
selected, since both of these processes are readily available.  The 3D printing lab uses 
ABS as its cheapest material, and since this cover was not weight bearing or under any 
load with normal operation, this would be sufficient. The baseplate of the gear cover 
would then be the cheapest sheet metal that could be water-cut; aluminum 6061.   
The remaining parts of the mill were the table and the gearbox.  The table was 
designed using extruded aluminum framing, for its low price point as well as the ease of 
manufacture.  Aluminum framing only needs to be cut to length and screwed together, 
with no other expensive machining necessary.  The gearbox was selected in a similar 
fashion as the bearings; by looking through McMaster Carr’s inventory of gearboxes 
and selecting one that had sufficient torque rating.  
  
 22 
 
 
Calculations 
In order to select the proper materials and gearbox, the force on the rollers and 
the torque on the shaft must be calculated.  From the document Rolling Processes, the 
maximum possible draft, or reduction in thickness of the sheet metal can be found by 
multiplying the coefficient of friction and the radius of the rollers (Eq 1.1).  The 
coefficient of friction is .1, since this is only cold rolling.  Using the maximum possible 
draft and the initial thickness, the final thickness and the delta thickness can be 
calculated (Eq 1.2).    The contact length is calculated with small angle approximation of 
the radius and the change in thickness (Eq 1.3).  The true strain is based on the natural 
log of the ratio of the initial and final thicknesses (Eq 1.4).  K is the strength coefficient 
and N is the strain hardening exponent, both can be found from Table 2.3 (Kalpakjian).  
The two types of aluminum we will be rolling are both 6061, but with either O or T6 
temper, and their K and n values are found in Eq 1.5.4.  The flow stress is calculated 
from these two material properties and the true strain applied to the workpiece (Eq 1.6).  
The force on the rollers can then be estimated as perpendicular to the rolled sheet, and 
thus can be simply calculated from the flow stress, the width of the workpiece and the 
contact length (Eq 1.7).  The force can be translated to torque by multiplying by a 
moment arm of one half of the contact length (Eq 1.8).  The amount of force an average 
human can input with 1 foot long crank is 25 lbf, which can be converted to a torque 
with an 1 foot long crank (Eq 1.9).  Finally, the gear ratio can be calculated by taking the 
ratio of the torque required and the input torque (Eq 1.10).  Thus, from all of the 
calculations the maximum force on the rollers is 17840 lbf, the maximum torque is 88 
ft*lbf and the minimum gear ratio required is 3.5. 
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Bill of Materials 
Table 4 lists the items that need to be ordered, including the raw materials.  
Since we had already picked out the Sleeve bearings from McMaster Carr 
(www.mcmaster.com), the remaining items were purchased from the same supplier.  
The only exception was the top gear, which was determined to be a 60 tooth, 20 pitch, 
3” diametral pitch, and 20 degree pressure angle gear, thus needed to be ordered from 
Boston Gear.  The Linear Variable Inductive Transducer (LVIT) was specified from 
Omega Engineering (www.omega.com) and it has a 25mm stroke with a 0.00625mm 
precision while running on 12 to 30V. 
For the prototype, we used Zager Printing (http://www.zager3dprinting.com) for 
all of the 3D printed parts.  These parts were ordered in two batches: batch one 
contains all of the parts for the gap set, and batch two contains the three parts for the 
crank handle.  Parts were also purchased from Amazon and Ace Hardware for the T 
handles and hardware respectively.  
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Analysis 
The teaching table we designed is stable and will not tip over when being 
cranked during operation.  We made a Solidworks assembly of our rolling mill teaching 
table and did a finite element analysis (FEA) to ensure all parts do not exceed 
reasonable stresses.  The gear teeth and rollers were designed to have a factor of 
safety between 1.5 to 2.  The table was designed to be portable and stable enough to 
support the weight of the mill itself and all the forces that come with operating the rolling 
mill.  We calculated the center of gravity and analyzed its stability as the crank arm is 
being pushed. 
Hazard Analysis 
 For the hazard analysis we conducted a failure modes and effects analysis 
(FMEA) which includes every way for injury or damage to occur and weighs each factor 
by three sections with, the probability(P) of that situation happening, severity(S), and the 
detection or ability to know that situation is about to occur(D). Six categories of hazards 
were analyzed each with their own subsections. The categories include pinch points, 
tipping, sharp edges, mill failures, and miscellaneous. See figure 3 for the FMEA chart. 
Pinch points contains the most subsections as there are many places on this 
machine for pinching to occur. Our highest risk priority number (RPN) fall under this 
category for pinching between the mill and the table the mill will be resting on. This is 
largely due to the fact that we will not be able to detect this situation until it has already 
occurred. This situation would occur during transportation and assembly and could 
cause some damage to the operator. In order to prevent pinching between the mill and 
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table, operators should be aware of this hazard and use precautions to handle the mill 
correctly and safely.  
Our next category will be tipping which could occur during cranking operation, by 
someone leaning on the table, or during transportation. Our second highest risk priority 
number falls with the subsection of someone leaning on the table as this could not only 
cause harm to the machine and operator but also could harm the floor as this machine 
is heavy. This particular situation has a high-risk priority number due to the amount of 
damage it could result in while also going undetected until the incident has occured. In 
order to prevent this situation, widening of the base and making the center of gravity as 
low as we could will help to prevent toppling of the machine.  
Sharp edges is a another category of concern that can be easily accommodated 
by designing our machine with as many round edges as possible. The remaining 
categories are catastrophic failures, mill failures, and miscellaneous. Catastrophic 
subsections include table collapse, crank arm breaking, and mill connection to the table 
breaking. These situations we determined to be minimal as solid design work should 
hinder these from happening. Mill failures would include gear teeth breaking or slot key 
failure. We did not really see either of these events happening since the forces on the 
gears should not be high enough to cause these failures, but gear teeth breaking 
received a high-risk priority number mainly for it going undetected as the gears will be 
covered. Miscellaneous events include wires leading to sensors being cut which would 
not be a horrible failure and should be easily avoided by placing them out of the way.  
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Finite Element Analysis 
 The goal of our Finite Element analysis is to check that every part will hold up 
under the stresses of rolling.  From our calculations it was determined that the 
maximum force on each roller was 17840 lbf, when rolling the 6061-T6 Aluminum (60 
ksi) and with the maximum possible draft (0.012in).  Using Solidworks, we recreated the 
entirety of the mill body with the chock blocks inside.  We already knew that the mill 
body would hold up to the stresses of rolling, however that was for softer metals; silver 
and gold, so we needed to check that it would hold up to the forces of rolling aluminum.  
The simulation was run with two forces on the middle section of the rollers, with a length 
of L = 0.118in (Eq 1.3) and a width of 3in.  The base of the mill was fixed, and the parts 
were mated with no penetration contact sets. The threaded rods keeping the chock 
blocks in place were simplified to flat cylinders and bonded directly to the frame.  This 
was done because FEA programs like Solidworks Simulation will require far too fine of a 
mesh, and therefore will take too much memory to calculate. Thus, we calculated the 
threads separately by hand.  The materials for the parts were medium carbon 1045 
steel for the chock blocks and rollers, ductile cast iron for the main body, and iron-
copper for the bearings.  The mesh was set to a curvature-based mesh with a maximum 
element size of 0.4in.  Figure 7.1 shows the results of the simulation.  Notice that the 
sections that are in blue indicate a factor of safety (FOS) greater than 3.  Only in Figure 
7.2 can we see where the FOS is at the lowest value of 1.3. 
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Conclusion 
The proposed modifications to the previous jeweler's rolling mill incorporate all 
elements required for a fully functional and portable demonstration rolling mill for 
Novelis' instruction uses.  The mill is accurate to a scaled down model of the larger 
industrial mills that Novelis uses in their manufacturing process, though it is designed 
primarily for softer materials than what can be used in the full-sized machinery.  The 
design is operable by a single operator with minimal effort and is designed for ease of 
use.  All potential hazards, including pinch points, tipping, and mill failures are negated 
or will not result in the injury of the operator through intended use.  Torque sensors, 
load cells, and linear variable inductive transducers have been selected, though final 
selection of these sensors will be left to Novelis as these are interchangeable for similar 
models.  All machine drawings and deliverables have been given to Novelis for their 
consideration and use in constructing the final version of the instruction rolling mill. 
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Project Milestones and completion dates 
(see appendix A for gantt chart)   
1. September 21, 2017 - Project selection 
2. October 11, 2017 - First meeting with Novelis 
3. October 12, 2017 - Annotated Bibliography due 
4. October 23, 2017 - Problem Description due 
5. December 7, 2017 - Proposal outline due & in class presentations 
6. March 15, 2018 - Midterm Presentation 
7. April 27, 2018 - Senior Design Day 
8. May 4, 2018 - Final Report due 
Contacts 
Robert D. Hemker III, Project Manager, eagleth@gmail.com 
Phillip LaPlante, laplanet22@yahoo.com 
Taylor McGriff, tmcgriff62@gmail.com 
Juan Restrepo, tinto922@gmail.com 
Shelly Abraham, shelly.abraham67@gmail.com 
 
Timothy F. Stanistreet, PhD., Novelis 
Laura Ruhala, PhD., KSU Professor, Senior Design 1 
Mir Atiquhalla, PhD., KSU Professor, Senior Design 2 
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Appendices 
Appendix A: Gantt Chart for Time allotment 
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Appendix B: Calculations 
Figure 1: Equations used in Calculating the force and torque on the rollers and the gear  
ratio required 
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Appendix C: Charts and Tables 
                
Figure 2: Price versus compressive strength for material selection with CES 
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Figure 3: FMEA Hazard analysis 
 
 
 
 
 
Design # - 
Designer 
Assembly/Disassembly 
Ease 
Structural 
Strength Weight 
Expected 
Cost Safety 
Ease of 
Use Totals: 
1 - Tripp 1 7 5 3 9 8 24.2 
2 - Phil 2 4 5 2 9 8 22.4 
3 - Juan 1 5 5 2 8 8 21.7 
4 - Taylor 1 5 5 5 7 7 21.2 
        
Weight (0 to 1) 0.2 0.5 0.4 0.5 1 1 3.6 
Percent Weight 5.56 13.89 11.11 13.89 27.78 27.78  
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Table 3.1: Design matrix for dial covers 
 
Category 
Ease of 
Use 
Roll 
change Strength Backlash Cost Adaptability Total 
Design # - Designer        
0 - Current Design 5 5 5 5 5 5 21.45 
1 - Tripp (Variably 
connecting sides) 6 5 5 5 5 5 22.35 
2 - Tripp (Screw into 
bearing block) 5 5 2 5 4 5 17.8 
3 - Phil (Ball-Screw) 5 5 5 10 2 6 22 
4 - Phil (1 w/digi) 8 5 5 5 4 6 24.5 
5 - Juan (Front Wedge) 5 4 4 5 2 5 18.1 
6 - Juan (Side Wedge) 5 2 3 5 2 1 13.1 
7 - Taylor (Direct Mount) 5 5 3 5 4 5 18.8 
8 - Taylor (Turnbuckle) 3 5 4 5 4 5 18 
Weight 0.9 0.4 1 0.3 0.65 0.2  
Table 3.2: Design matrix for gap set 
 
 
 
Design # - 
Designer Stability 
Structural 
Strength 
Collapsibility/
Setup Weight 
Collapsed 
size 
Expected 
Cost Totals: 
1 - Tripp 4 6 10 8 9 9 32 
2 - Phil 10 8 10 5 8 7 35.1 
3 - Juan 10 8 10 6 8 7 36.2 
4 - Taylor 1 3 9 9 10 9 26.9 
5 - Shelly 7 7 10 7 8 8 33.9 
        
Weight (0 to 
1) 1 0.8 0.6 0.5 0.4 0.6 3.9 
Percent 
Weight 25.64 20.51 15.38 12.82 10.26   
Table 3.3: Design matrix for table design 
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Table 4: Bill of Materials, for Final product and Prototype 
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Appendix D: Concept Sketches 
 
Figure 4.1: Dial cover design by Tripp 
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Figure 4.2: Dial cover design by Phillip 
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Figure 4.3: Dial cover design by Juan 
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Figure 4.4: Dial cover design by Taylor 
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Figure 5.1.1: Gap set Design by Tripp with variably connecting sides 
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Figure 5.1.2: Gap set Design by Tripp with variably connecting sides 
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Figure 5.2: Gap set Design by Phillip with ball screw and with digital readouts. 
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Figure 5.3.1: Gap set Design by Juan with front wedges 
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Figure 5.3.2: Gap set Design by Juan with side wedges 
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Figure 5.4.1: Gap set Designs by Taylor with direct mount and turnbuckle 
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Figure 5.4.2: Taylor Gearbox design 
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Figure 6.1.1: Table design by Tripp 
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Figure 6.2: Table design by Phillip 
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Figure 6.3.1: Table design by Juan, page 1 
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Figure 6.3.2: Table design by Juan, page 2 
 51 
 
 
 
Figure 6.3.3: Table design by Juan, page 3 
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Figure 6.3.4: Table design by Juan, page 4 
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Figure 6.4: Table design by Taylor 
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Figure 6.5: Table design by Shelly 
 
Appendix E: FEA Analysis 
 
Figure 7.1: FEA Factor of safety distribution.  Note all locations in blue are above a FOS 
of 3 
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Figure 7.2: FEA Factor of safety distribution zoomed into top left chock block, notice the 
small section with a low FOS. 
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Appendix F: Final Design Renders 
Figure 8.1: FInal Render isometric view 
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Figure 8.2: Final Render exploded view 
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Figure 8.3: Final Render with main body transparent to show gap set mechanism 
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Figure 8.4: Gear cover box top (view from the bottom) 
 
 
Figure 8.5: Gear cover box bottom (view from the bottom) 
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Figure 8.6: Gearbox and crank handle 
 
 
Figure 8.7: Foldable table 
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Figure 8.8: Table Folded up (view from the bottom) 
